Abstract-Ultra wideband (UWB) antenna operation close to tissue is examined by using lumpedelement equivalent circuits in the present paper. The impact of tissue within the reactive near-field of the antenna is introduced in terms of efficiency, impedance and matching to 50 Ω. The parasitic components for the series-and parallel-resonant stages of the equivalent models are proposed for taking the impact of tissue into account on the antenna design. The first time the antenna impedance behaviour is presented in terms of capacitance, inductance and resistance as a function of the radiator distance on the tissue surface for UWB antennas. The capacitance was observed to increase with the distance on the tissue surface by achieving the maximum value close to the reactive near-field boundary. The inductance has the maximum on contact the tissue, decreasing strongly with the first millimetres and remaining constant with the higher distance. The maximum value of input resistance was seen to clearly increase with the distance, having the maximum value in the first third of the studied range, descending close to the value in free space at the boundary at the end. The results are achieved by realising electromagnetic simulations for the antennas and comparing the performance with the operation of the equivalent models.
changes of an individual antenna operation and their impacts at the link level and finally know how to compensate them. Comprehension of the antenna impedance behaviour is worthwhile in order to predict the performance.
To understand the wearable performance, both the interaction and absorption mechanisms of a body are profitable to acquaint. Related to the latter, some examinations have been recently reported of body energy-absorption [4, 5] and standing wave effect of a body [6] . Especially, the finding of Kivekäs et al. in [5] is particularly interesting: peak specific absorption rate (SAR) values are not actually related to the antenna current distributions, as it has been commonly believed. Instead, the mechanism lies in the fact that the maximum SAR can be inspected with the real part of tissue's permittivity and its impact on the electric-field components with respect to the tissue surface. The authors have earlier considered the effect of tissue combinations and tissue layer thicknesses on a wearable antenna performance in [7] , based on the values in [8] . It was concluded that the maximum SAR values vary with different tissue compounds. These results indicate that the proper understanding about the antenna alignment on a body has clear influence on the entire wearable system performance. In addition to the on-body antenna position, the distance on a body surface has been reported having a significant impact on the performance [6, 9, 10] . A natural issue causing variations for the distance on a body is clothing, which might change the wearable device positions on a body, thus should be taken into account in a design. Also the bendable features [11] might be required for an antenna because of 1) a body shape, 2) integration to clothing or 3) the natural movements of a human.
Challenges of the wearable antenna design arise due to the presence of a lossy tissue and of its impact on impedance characteristics, pattern shape and current distributions. Neglecting these result in the lack of available radiation performance at the end. Keeping the practical use scenarios and applications in mind, some relevant questions related to the antenna alignment on-body are 1) how far the antenna can be spaced on a body in reality, 2) what are the dimensions of areas available for the antenna radiators, 3) which parameters a sensor(s) of a wearable device will be used to measure, 4) what are the restrictions for the antenna use distance on a body based on the interaction mechanism and propagation, and so forth. At the end, there are many factors affecting both on the antenna use distance and the final antenna concept of any wearable device. Some authors have been investigated the time domain behaviour for wearable UWB antennas [12, 13] . In addition, related to the best use position/distance on-body, studies in [1, 9] have concluded that when no body tissues are in the range of the closest space surrounding an antenna (i.e., within reactive near-field [14, 15] or Wheeler's radiansphere [16] ), achievable performance can be relatively close to that of up to free space. However, the boundary of the field is challenging to explain unambiguously, because of the changes in fields happen gradually [17] . Further, it should be understood that the reactive proportion of the near-field does not radiate. Nevertheless, it is the important proportion of the radiation mechanism [17] . We assume that the most of the wearable antennas will be used in the said range, which is the content of the present paper to examine.
In this study, in line with our previous referred research work on the investigations of antennabody interaction mechanism in [7, 9, 16] , we wish to present the investigation of the impact of tissue within the reactive near-field of wearable broadband antennas. Several type of antennas have been reported for wearable connections, and probably most of them are monopoles or patches structures, e.g., in [3, 11] . Since the aim of the present paper is to examine the interaction and physical behaviour between an antenna and tissue, we have chosen four representatives for investigations. The antennas are traditional broadband dipoles covering either bandwidth ≥ 500 MHz or the entire Federal Communication Commissions' (FCC) [19] ultra wideband (UWB) [20] of 3.1-10.6 GHz. This is because many antennas can be analysed based on the operation of a dipole and therefore the results of this study can be extended and applied further. The suitable lumped-element equivalent circuit models are utilized to explain the physical antenna behaviour in the presence of tissue. Equivalent circuits are proposed to use for the evaluation of impedance characteristics especially for wearable antennas, since 3D simulations might be time consuming. In addition, one transient provides the antenna operation at one distance on a body. Therefore, it is successful to derive the antenna physical behaviour as a function of the distance on-body. The deeper insight on operation is then provided and saving of time. The clear advantage of equivalent circuits is that the antenna behaviour can be understood in detail. It is recommended to use equivalents also for the investigation and analysis of the physical behaviour of a bendable wearable antenna.
All simulations (including antennas and circuit verification for equivalent models) in this paper are carried out with Computer Simulation Technology (CST) [21] Microwave Studio (MWS) and Design Studio (DS) software packages, which are widely used both in industry and academia.
SIMULATION SETUP

Studied Antennas
Four planar broadband traditional dipole antennas were used in this study, which satisfy the UWB bandwidth definition of ≥ 500 MHz [17, 18] . The antennas are designed to investigate on-body phenomena and body interactions, and a 1.6 mm thick FR4 substrate is used with them. Three antennas produce a single-resonant and are designed for centre frequencies f c of 3 GHz, 6 GHz and 9 GHz in free space such that their −10 dB S 11 bandwidths are 500 MHz, 1000 MHz and 1500 MHz, respectively, as shown on Table 1 . The 4th antenna is to cover the entire FCC UWB band of 3.1-10.6 GHz. These antennas are originally introduced in [23] . 
Tissue Phantom
The user wearing a wearable antenna is known to cause shifts for the resonance frequency of antenna due to the features of lossy tissue, and the impact can be explained with the perturbation theory [24] .
In this study, we use the common way in the field as we assume that human body tissue can be modelled as a dielectric object [22] by defining relative permittivity ε r and conductivity σ or loss tangent tan δ. Electric parameters for a phantom are defined for one tissue [25] , which is commonly used way in the open literature. Usually, the dielectric definitions of tissue state that ε r of lossy dielectric material is somewhere 30-45, i.e., clearly higher than air. The material permeability is equal to one, meaning non-magnetic. This indicates the electric parameter to be the key material for the determination of electromagnetic fields in a body [26] , and the impact of a dielectric material on the antenna operation can be concluded to be analysed only with the electric fields [27] . We use the dielectric values for the outermost tissue of a body since it has the strongest impact on the performance [7] . Since broadband antennas are studied, the variations of tissue phantom properties with the frequency are taken into account by determining Debye 2nd order dispersion for UWB according to [28, 29] . It is supposed that the effect of curvature-shaped body can be mitigated since the studied broadband antennas are physically small. Because of the mentioned reasons, we use a square slab phantom with the infinite size of 40 × 40 × 3 cm 3 , and the antenna is aligned on top of it while the distance D A-S on the model is varied as shown in Figure 1 .
Discussion about Simulation Approach
Since the scope of this work is with the broadband antennas and their physical behaviour by using equivalent circuits close to tissue phantom, the study is fundamentally based on the simulations. The final determination of circuits is empirical-based, because the equivalents are based on the data aggregated from antenna simulations. It should be understood that it is not relevant to cable and measure the studied balanced antennas because of the well-known cable effect, which changes the antenna impedance causing the equivalents being valid no longer. Naturally, the balun can be used, but without eliminating the confusion, i.e., the antenna feeding cable. The cable will not exist in the real application where the situation is more likely as with the discrete port in simulations. It should not be ignored that the accuracy of current simulators is high. In addition many studies of the correlation between simulations and measurements have been carried out in the long term. Quite often, the problem with the correlation seems to be arisen because of the prototype rustled up in a hurry, thus not being exactly equal with the simulation concept. Another aspect in the advantages of simulations is that as the frequencies get higher, the size of antenna structures decreases, being practically work with the changes of millimetre as in UWB or even with micrometre. Findings of the changes in that level are impossible to realize by prototyping with copper tape.
EFFICIENCY AND MATCHING BEHAVIOUR FOR WEARABLE ANTENNA
In this part, the impact of the tissue phantom in the region of the reactive near-field boundary of a wearable antenna is investigated in terms of efficiency and matching characteristics. The behaviour is examined by considering the studied antennas at the different distances D A-S on the tissue model for the mentioned range. The authors believe that most wearable antennas in the real applications will be used on the distances smaller than the size of the reactive near-field.
As introduced earlier, antenna field boundaries cannot be determined unambiguously, but can be approximated. In theoretical books, antennas made of thin wires are often considered, which might not be feasible in practise. The operation of very thin antenna can be estimated, but it should be understood that then 1) radiation characteristics are sensitive to frequency [14] , and 2) the bandwidth is the parameter dictating the degree of the change with the frequency. The closest space that surrounds an antenna is called as reactive near-field region, usually marked by R 1 and can be found, e.g., in [14] . For a very short dipole or equivalent [14] , i.e., electrically small antenna (ESA) [15] , the radius of Wheeler's radiansphere R W can be used [16] . In the case of R W , the boundary distance is measured from the antenna surface. According to these, reactive-near field boundary can be calculated either with the largest antenna structure or by Wheeler's radiansphere. The results of calculations are presented for the studied antennas on Table 2 together with the values for free space wavelength. Note that the distance D A-S is announced from the top of tissue surface up to the bottom of antenna substrate. Therefore, a 1.6 mm thick substrate slightly increases the distance further.
Antenna Radiation Performance
Total antenna efficiency behaviour is shown as a function of D A-S on the tissue model in this part. The results are shown in Figure 2 , where each graph is plotted for the range of reactive near-field based on Figure 2 . Total antenna efficiency behaviour in the closeness of the tissue surface for the range of (a) reactive near-field boundary R 1 for the single-resonant dipoles, and (b) Wheeler's radiansphere R W for the multiresonant dipole at the frequencies of 3 GHz, 6 GHz and 9 GHz.
the definitions on Table 1 . The dashed lines with additional circles present the free space performance.
Comparing the results, the lowest frequencies can be observed to suffer more of the lossy tissue in the antenna proximity in comparison with the higher frequencies. This operation is actually not surprising, but is foreseeable. It is observed that the absorption to tissue has the strongest impact on the reduced efficiency. In addition, the deteriorated matching has an impact. The more interesting is to distinguish that the impact of increase of the first millimetres for the single-resonant dipole on-body has not the clear difference on the absolute improvement on efficiency, e.g., the increase of D A-S from 0 to 3 mm for single-resonant dipoles in Figure 2 (a) improves the efficiency 7.2 dB (3 GHz), 7.9 dB (6 GHz) and 7.5 dB (9 GHz). This means the change of efficiency remains almost constant with increased D A-S . Another interesting observation is the similarity between the antenna radiation performances at the boundary of the approximated reactive near-field: the absolute values of −2.2 dB (3 GHz), −2.6 dB (6 GHz) and −2.6 dB (9 GHz) are read from the simulation data, which corresponds to the deterioration of 2.1 dB, 2.3 dB and 2.2 dB of the efficiency in comparison with that of observed in free space. For the multi-resonant antenna, the behaviour is slightly different as the corresponding increase of D A-S from 0 to 3 mm, which improves the efficiency of multi-resonant dipole 5.0 dB (at 3 GHz), 8.4 dB (at 6 GHz) and 8.6 dB (at 9 GHz). This clearly indicates the bottleneck of excellent wearable broadband antenna, i.e., the performance of the lowest band to cover and radiate efficiently. Comparing the results with the Table 1 , the multi-resonant seems to behave more likely according to the R W . The effect of a substrate has also impact on the difference between different frequencies. We concluded that a strong absorption close to tissue together with the possible changes in the surface currents due to a body are the dominant factors causing the presented behaviour in the vicinity of tissue. However, the deteriorated antenna matching has an influence as well. Figure 3 compares the currents of the antennas in the situations, where the antenna is in free space (Figures 3(a) , 3(d), 3(g), 3(j), 3(m), and 3(p)), aligned on contact with the tissue In each current plot, the same amount of power is fed to the antenna hence the amount of absorption is clearly visible on the contact situation. It is interesting to observe that the currents of single-resonant dipoles at the boundary of reactive near-field obey closely the shape of free space. Naturally, the magnitude slightly differs that is understandable, since the tissue is still nearby, and some proportion of the power causes absorption as far as tissues are visible for an antenna. The more complicated is to analyse the performance of the multiple frequency points of broadband multi-resonant dipole against the theoretical limits. This is because the different parts of antenna radiate with the frequency. In addition, 2nd order wavemode is introduced from 6 GHz upwards. However, the fashion of distributions is similar with single-resonant dipoles. It is visible that the currents have the maximum in the feeding and they travel along the curvature edges of the dipole plates in free space. Strong absorption is faced on contact usage and the current transform at the reactive field boundary start to change equal to the free space operation.
Matching Behaviour
In this part, the aim is to demonstrate the variation of antenna matching for the range of boundaries in terms of reflection coefficient S 11 and in Smith Chart. The results for the impedance matching in free space (the black solid line), on contact (red dashed) and at the estimated boundary of reactive near-field (blue dotted) for single-resonant dipoles are collected to is in the midpoint of Chart in free space, notably shifts to the Chart's inductive side. In the case that D A-S is increased, the loop in Chart start to get larger, achieving the maximum size approximately in the third of the approximated size of near-field, by following the shrinkage of the loop when approaching the field boundary. In practice, the mentioned widening of the loop for the middle of boundary is seen as the poor matching in reflection coefficient in the rightmost subplot of Figure 4 , since the Smith's loop has not in the optimum position against the −10 dB area of the Chart, meaning the matching level has changed with D A-S . This indicates that the poor matching has also significant impact on the reduced efficiency. This behaviour is corresponding also for 6 GHz and 9 GHz single-resonant dipoles, but the loop variation is smallish for the 9 GHz, as visible. The multi-resonant dipole is observed to produce three loops in Smith Chart. The largest of them producing the lowest 1st resonance faces the strongest variation with D A-S . The effect of tissue is noticed to change the impedance matching to more inductive as visible between the changes in Figures 5(a)-(b) . 
TISSUE IN THE REACTIVE NEAR-FIELD OF WEARABLE ANTENNA: IMPEDANCE BEHAVIOUR BY EQUIVALENTS
In this section, the antenna input impedance Z in variation for the range of reactive near-field of the broadband dipoles is considered and physical behaviour analysed. Impedance includes input resistance R in , which is the sum of radiation R r and loss R L resistances and X in is the input reactance as [14] 
by defining the ratio of the voltage to current at antenna terminals in the situation of without any load. Power delivered to the antenna can be maximized when the sum of R r and R L is equal to feeding line resistance, and the reactance is the complement for generator's equivalent. The first can be determined with the connection of the radiated power P rad and the maximum currents I 0 [14] , or with the ratio of dipole length l and λ [15]
Usually, the length of dipole is reduced to vanish the reactance close to zero [14] . Respectively with (2), the loss resistance R L can be also defined with the power P L dissipated on the heat and ohmic losses of the antenna [15] or by taking into account the shape of current distributions, demonstrated in Figure 3 , by using the surface resistance
where P is the perimeter of the cross section of the rod, a is the wire radius, and ω, µ o and σ are the angular frequency, permeability in free space and conductivity, respectively. In (3), the connection between loss resistance and the width of dipole is shown.
Connection between Real Part of Impedance and Equivalent's Parallel Stage, and Impedance Variation
Antenna equivalent circuits are widely accepted to characterize antenna operation [30] [31] [32] [33] [34] [35] [36] . This part of the study is the continuation of the earlier study in [23] where the impedance dependency on broadband dipole dimensions by using lumped-element equivalents was introduced. The authors' approach to model the dipoles by equivalents was based on the Hamid's procedure in [33] , which was also applied by Wang et al. [30] and Liao et al. [35] . The real part of input impedance can be modelled by a parallel-resonant part as demonstrated in [23] , and we concluded that the parallel stage is connected to the formation of the practical dipole plate dimensions. This connection is important to understand especially in the case of broadband antennas, since as the bandwidth is aimed to widen, the antenna must utilize its available volume by geometry [14] to modify the antenna input impedance conveniently. Particularly, this is crucial for the wearable antenna in the presence of a body tissue, since a body causes additional challenges and trade-off for the maximization of the antenna matching and radiation performance. Since an antenna engineer is interested into maximize the matching, the impedance behaviour in the proximity of tissue must be first understood to be able to optimize the operation. Because of the clear connection between the plates and the parallel-stage, only the behaviour of parallel-resonant part in the vicinity of the tissue is first considered in this part to keep the study rational. The behaviour of impedance for the real part in (1) is shown within the studied range for the single-resonant dipole at 3 GHz in Figure 6 . As it is visible, the Z in peak value which is the maximum of R in in (1) further being the combination of R r and R L in (2) and (3), draws a circle (demonstrated with the black solid line) around the free space reference. This behaviour is valid for other studied single-resonant dipoles. Also the resonance peaks of the multi-resonant behave with the same fashion as will be shown in the next section. Figure 6 . Demonstration of impedance behaviour for the single-resonant dipole at 3 GHz. The black solid line describes the circle that the maximum value of resistance rotates in the studied range.
Defining Impedance Behaviour by Equivalents in the Vicinity of Tissue
As demonstrated the connection between the antenna dimensions and equivalent, we considered next the required changes for the free space equivalent in order to adapt for the impedance changes in the vicinity of tissue. This was realized by re-defining the component values for capacitance, inductance and resistance. The re-definition was carried out based on the impedance data of dipoles acquired from 3D simulations by following the determination of the proper Z in behaviour for equivalents introduced in [23] .
The results are shown in Figure 7 for some distances, because of a large number of the considered values of D A-S . In Figures 7(a), 7(b) , and 7(c), the behaviour is shown for the simulated single-resonants while Figures 7(d) , 7(e), and 7(f) show the corresponding results for the equivalents. Respectively, Figure 7 (g) is for the multi-resonant dipole and (h) for the equivalent. In the multi-resonant equivalent each parallel-stage (i.e., RLC-circuit) is to perform the resonant wavemode where the resistance maximum happens. The combination of three stages models the entire multi-resonant structure such that the 1st is the lowest, and so forth. An interesting remark in Figure 7 is observed when comparing the results with Figure 6 : the contact results (red dashed lines) for the single-resonant dipoles at 6 GHz and 9 GHz are not smaller with respect to the free space reference graph (black solid). This is obviously the situation because of the existence of the substrate causing the additional increase of 1.6 mm for D A-S , thus resulting in the clearly higher relative increase within the range of reactive-near field in comparison with 3 GHz, which explains this difference. On the other hand, this is advantage for the wearable antenna at high frequency, since without the substrate the detuning were also stronger on contact with respect to free space than the shown shifts in Figure 4 : 1050 MHz at 6 GHz and 1250 MHz at 9 GHz. Therefore, more detuning is required for the single-resonant antenna with high centre frequency Figure 7 . Antenna impedance behaviour in free space (FS), and at some distances on the tissue surface for single-resonant dipoles based on (a), (b), (c) antenna simulations ((a) at 3 GHz, (b) at 6 GHz, and (c) at 9 GHz) and (d), (e), (f) by equivalent circuits. Figure (g) shows the results for multi-resonant dipole and (h) corresponding positions for its equivalent.
if, e.g., the same antenna is aimed to use in free space and on-body. Based on the results shown in Figure 7 , it is concluded that the used circuits can follow excellently the antenna impedance behaviour in the proximity of tissue. But how can be the behaviour in the proximity of tissue, introduced in Figure 6 , physically explained, and what happens for the antenna (dimensions) in the said range, are discussed in the next part.
Physical Dipole Behaviour Based on Equivalent in the Vicinity of Tissue
Based on the definition of the circuit components for the parallel-stages of the defined lumped-element, the values for equivalents were collected and expressed in relation with the free space operation. In other words, the reference point is simply defined to be in free space. Since the parallel-resonant stage is the combination of the capacitance C, inductance L and resistance R, the results of the changes within the reactive near-field are presented in the individual graphs by separated according to the said components. These are depicted in Figure 8 and the nominal (reference) values presented on Table 3 .
It is understandable that the results in Figure 8 are not absolutely perfect to model the physical antenna behaviour in the proximity of tissue. But this method is observed to be very suggestive and exploitable for the understanding about the operation of the wearable broadband dipoles. Therefore, the principal impedance behaviour can be acquired with this method. As well, it should be understood that these graphs show the required changes for the studied lumped-element circuit components in comparison with the free space values. The studied equivalent structure have been concluded to model accurately the dipole operation in free space, e.g., in [23, 32, 33, 35, 36] . As readable from the graphs, the closest use position that 1.6 mm thick substrate allows on-body, the significance of the capacitance is relatively minor with the inductance. This means that the total length of dipole, which has the connection to the inductance via reactance in (2) , faces the stronger change in the proximity of lossy tissue than the width of dipole (resp. capacitance). Study in [35] supports this result. However, the capacitance cannot be the same as in free space as deductible from the result. When D A-S is increased, the relative proportion of capacitance changes more than for the inductance, which remains rather constant with the higher distances, see Figures 8(a)-(d) . This increase of circuit capacitance can be connected both to the mentioned variation of the circle in Smith's Chart and to the decrease of the achievable bandwidth in the middle of the reactive near-field boundary (as described in the previous section). This happens because the additional increase of the circuit capacitance is concluded to restrict the available bandwidth [23] .
Even though the reactive near-field boundaries marked in Figure 8 are just approximations, some remarks can be stated of the physical operation of the studied antennas for the considered distances as:
• The capacitance having the connection with the width of dipole increase with D A-S from on contact usage, and achieves the maximum value close to the reactive near-field boundary.
• The inductance having the connection with the length of dipole has the maximum value on contact, decrease strongly within the first millimetres with D A-S and remains relatively constant further.
• The maximum value of R in is observed to clearly increase with D A-S , to have the maximum in the first third of the studied range, descending close to free space behaviour at the boundary.
These results show the advantage of using equivalent circuits for the analysis of antenna physical behaviour. To our best knowledge, this is the first time to present these effects for the physical broadband dipole operation in the reactive near-field range. In addition, the content of the results can be extended since we used the traditional dipoles for investigations. Most antennas can be analysed based on dipoles, for instance, the widely used monopole and patch antennas for the wearable usage.
Based on the results for the antenna physical behaviour in Figure 8 , the impact of tissue within the reactive near-field for the broadband dipoles can be taken into account by adding parasitic components parallel with the circuit resonator structures of free space values. The proposed final equivalent circuit is presented in Figure 9 , which includes the proportion of tissue shown with black dashed rectangular boxes. Grey dashed lines with arrows indicate the connection of the parasitic components introduced by tissue with the free space equivalent. In order to understand the total circuit concept extensively, some observations can be highlighted.
As the dipole can be illustrated below the first resonant frequency by capacitor [35] , the capacitance of the series-resonant is hence associated with the antenna reactance (for the single-resonant by C 0 and for multi-resonant by C 0 and C 4 ). Thus, the entire series part (i.e., the combination of C and L resonates) mainly defines the antenna reflection coefficient S 11 , i.e., matching as we have shown in [23] . In addition, it has the impact on the reactance of input impedance. This is understandable, since the series part directly defines the resonant frequency for antenna, but the changes are not visible to vary the real part of input impedance. However, the series part changes the antenna reactance, which is (a) (b) Figure 9 . Final equivalent circuit for (a) single-resonant dipole, and (b) multi-resonant dipole indicating the proportion of tissue by parasitic components inside the black dashed rectangular boxes and the connection between the free space components with additional parasitic to form the final physical behaviour by grey dashed arrows.
assumed to cause the changes for the resonances. The parallel stage(s) is to define the RLC -resonance in the situation the dipole reactance is close to zero and the series-resonance is in the target frequency, while R r for dipole defined in (2) (i.e., 73 ohm for ideal dipole) can be read from the parallel resistance graph at the resonant frequency of the series-part. In the proximity of tissue, the resonance frequencies are detuned downwards according to the perturbation theory in [24] . The detuning is shown for resistor via becoming more inductive as in [35] , introducing parasitic capacitance in parallel with the capacitor as in [25] , and both are associated with the electric fields. This is because the introduced dielectric material changes the component permittivity such that capacitances are multiplied and resistors divided with the permittivity of the surroundings. By associating these to the attribute, the following remarks can be stated:
• The higher is ε r of tissue (note the strong variation of permittivity with the frequency) or the smaller the D A-S on tissue, the higher is the addition of the capacitance in total to the series part.
• The smaller the D A-S , the stronger is the change of resonant frequency, i.e., change in S 11 , as well for R in and X in .
• Only the resonance peak of the maximum value of resistance R in changes with the higher D A-S , but the reactance X in is observed to change at all frequencies, i.e., throughout the simulated bandwidth. Note also the connection of X in with the length of the dipole.
• The losses of tissue have an impact on the parallel and series stages, and are placed in parallel with free space components in series with the capacitance or inductance.
• The losses introduced by tissue describe the proportion of loss resistance R L in (3), which improves or attenuates the resonance of LC -circuit. For instance, on contact the improved matching is visible but is observed to deteriorate with the D A-S , and tissue causes the resistor to appear more inductive.
CONCLUSION AND FUTURE WORK
The present paper considered the impact of tissue on the wearable antenna operation in the range of the reactive near-field. The variations of parameter in terms of efficiency, current distributions and antenna impedance in the mentioned range were demonstrated and compared with the theoretical boundaries. We considered the variations of broadband dipole equivalent circuit operation in comparison with the data extracted from simulations, and separated the effect of capacitance, inductance and resistance on practical antenna dimensions within the range of the reactive near-field. Based on the observations, we proposed parasitic components to take into account the impact of tissue on wearable broadband antenna operation. The first time the antenna impedance behaviour was presented in terms of capacitance, inductance and resistance as a function of the radiator distance on the tissue surface for ultra wideband (UWB) antennas. We found that the capacitance with the connection of the width of a dipole increases with the distance by achieving the maximum value close to the reactive near-field boundary. The inductance with the connection of the dipole length was observed to have the maximum value on contact tissue, decreasing strongly with the first millimetres then remaining constant further. Input resistance maximum value was observed to clearly increase with the distance, having the maximum in the first third of the studied range finally descending close to the value in free space at the boundary. The results of this study increase the knowledge of the antenna impedance behaviour in comparison with the practical antenna dimension in the vicinity of tissue. This is particularly important understand for the broadband antennas, which are used without the matching components. After understanding the influence of antenna impedance on dimensions, matching can be maximised on-body. The presented impedance behaviour as a function of the distance on the tissue surface assists to choose the optimal distance for a wearable antenna, which is matched in free space. In addition, analysing the behaviour indicates how a body impacts on the operation of an antenna that is aligned for some distance on the tissue surface. The effect on impedance can be compensated at the end by changing the antenna dimensions, as demonstrated in the earlier study by authors' in [23] .
These results can be extended in many ways. It is recommended to derive corresponding evaluations for the other antenna types as widely used monopole and patch antennas, since the operation can be compared with the results presented in this paper. Alternatively, the investigations of bendable wearable antenna characteristics by using equivalents are highly suitable in order to understand the physical effect of bending the radiator on impedance behaviour. As well, it is proposed to apply the content of this paper to the practical antenna design work on-body, since there is the clear connection.
